Influence of defects on ferroelectric properties of the (CH3ΝΗ3)5Bi2Χ11 (Χ = Cl, Br) crystals in the vicinity of ferro-paraelectric phase transition was investigated. γ-irradiation of both crystals insignificantly shifts T c towards higher temperature. The substitution of chlorine atoms by iodine ones in the (CH3ΝΗ3)5Bi2Cl11 crystal drastically reduces the magnitude of the dielectric permittivity but does not influence on the temperature behaviour of the spontaneous polarization.
Introduction
(CH3ΝΗ3)5Bi2Χ11 (Χ = Cl, Br) crystals belong to a new family of organic-inorganic crystals of the general formula R x M y Χz (R = alkylammonium cation, M = Sb+3 or Bi+3 , Χ = Cl, Br, I). Many crystals of this group undergo an interesting sequence of phase transitions of an order-disorder type. Some of these phase transitions lead to polar phases [1] [2] [3] [4] . (CΗ 3 ΝΗ3)5 Bi2 Cl 11 (MAPCB, hereafter) and (CH3 ΝΗ3 ) 5 Bi 2 Br 11 (MAPBB, hereafter) crystallize in orthorhombic system (space group Pcα21). Both crystals are ferroelectric at room temperature [5, 6] . MAPCB transforms to the paraelectric phase at 307 K while MAPBB at 311 K. Both crystals have the same symmetry (P cαb) in the paraelectric phase. Three out of total five methylammonium cations preSent in the lattice get ordered at the ferroparaelectric phase transition. The spontaneous polarization Ps and the dielectric permittivity are comparable in magnitude to those found in the crystals (369) of TGS family. Very promising from the application point of view are electrooptic properties of these crystals [7] .
MAPCB and MAPBB crystals are very sensitive to the influence of various kind of defects. For example, MAPBB crystals grown from aqueous solution with some excess of HBr have strong internal bias field Eb which significantly modifles temperature dependence of Ps a n d ε ( T ) , e s p e c i a l l y i n t h e v i c i n i t y o f t h e p h a s e transition at 77 Κ [8] .
The purpose of this paper is to investigate the role of defects produced by γ-irradiation in MAPCB and MAPBB and the influence of iodine admixture in MAPCB on ferroelectric properties of the crystals.
Experimental
MAPCB and MAPBB single crystals were obtained by slow evaporation of aqueous solution containing 5:1 mole fraction of (CΗ 3 ΝH3 )Cl or (CH3 ΝH3 )Br and (BiO) 2 CO3 with a small excess of HCl or HBr in the solution. Samples 1 mm thick were cut perpendicularly to the c-axis and electroded with conductive silver paste. The samples were irradiated at the room temperature with Co 60 γ-ray source at a dose rate of 0.1 Mrad/h.
Crystals doped with iodine were grown by several successive recrystallizations of pure MAPCB with some HI added to the solutions. Crystals with two different concentrations of iodine were obtained. The crystal density was taken as a measure of concentration of iodine in the sample. The pure chlorine crystal has a density of 2.31 g cm -3 . An increase in density of (CH3NH3)5Bi2Cl11(1-x)I11x mixed crystals, being 2.315 g cm -3 (sample 1) and 2.330 g cm -3 (sample 2), corresponds to the molar fraction of iodine atoms of about 0.3% and 1% mole, respectively. Pure crystals of MAPCB which are colourless turned yellow after being doped with iodine.
Dielectric measurements were performed at the frequency 1 kHz using an automatic capacitance bridge (type E315A) at a constant cooling/heating rate of 0.1 K/min.
The spontaneous polarization was measured by a charge integration technique using an electrometer (Unitra 219).
The internal bias field was measured as a shift of the ferroelectric hysteresis loop using a Sawyer-Tower circuit in a few seconds without compensation.
A pyroelectric coefficient was measured by the short-circuit current method.
Results
Figure 1a. shows the temperature dependence of the dielectric permittivity for the MAPCB crystal along the c-axis for the four various doses of γ-irradiation, in the range 1-13.4 Mrad. The higher dose, the smaller peak value of ε at the phase transition temperature Τ. Similar changes were observed for the MAPBB crystal (Fig. 1b) . The Τ temperature is slightly higher in γ-irradiated samples than in virgin ones. A similar effect was obtained, for example, in ΡbTiO3 crystal [9, 10] . Usually, in γ-irradiated ferroelectrics the Τc temperature is lower than in virgin crystals which was explained by reduction of ferroelectrically active dipole moments in γ-irradiated samples [11] . Figure 2 shows the temperature dependence of the internal bias Εb for MAPCB and MΑΡBB crystals irradiated with 5.5 Mrad and 13.4 Mrad, respectively. The temperature dependence of Εb is non-linear. The Εb field disappears in the paraelectric phase. The magnitude of the Εb field is a linear function of the dose of γ-irradiation for both crystals in the studied range up to 13.4 Mrad at room temperature. As an example, the results for MAPCB crystals are shown in Fig. 3 . Very similar characteristic of internal bias vs. γ-dosage was reported in TGS and Rochelle salts [12] . Figure 4 shows the temperature dependence of dielectric permittivity ε for mixed crystals (CΗ3 ΝΗ3 )5 Bi 2 Cl 11 (1-x )I 11x along the ferroelectric c-axis for the two samples with x = 0.3% mole and x = 1% mole. The magnitude of the dielectric constant is reduced for mixed crystal and its anomaly at Τc gets much broader. The T^ temperature is increased by 1.5 K for 0.3% mole of I as compared with Τ^ = 307 K in pure MAPCB crystal. Mixed crystal (CΗ3ΝΗ3)5Bi2Cl11(1-x)Ι11 x containing of 1% mole I drastically changes its properties. εmax decreases by about two orders of magnitude as compared with pure chlorine crystal and is shifted towards higher temperature by 9 K. The mixed crystals containing iodine atoms are characterized by the high internal bias field. The Eb field strength was so high that it was impossible to observe ferroelectric hysteresis loop by means of Sawyer-Tower circuit. The high Εb field is responsible for reduction and shift of the peak value of dielectric permittivity. Dielectric permittivity presented in Fig. 4 (and also in Figs. 1a and b) was measured in conditions when Εb field was not compensated by an external electric field.
The replacement of Cl by Br atoms in pure analog, MAPCB, causes a positive shift of the transition temperature. The observed shift of the transition towards higher temperature after the replacement of Cl with I atoms is in agreement with what was expected.
Pure chlorine and mixed chlorine-iodine crystals show a quite similar temperature dependence of the spontaneous polarization Ρ , especially in the vicinity of Τ. = 307 K, with only slight reduction of the magnitude of Ps (Fig. 5 ). An internal electric field due to polar iodine admixture stabilizes the spontaneous polarization in a similar way as an external electric field does. Analogous effects were observed in other ferroelectrics, for example, doped Li 2Ge 7O 15 [13, 14] .
The result of measurements of the pyroelectric coefficient for 1% mole iodine concentration in MAPCB crystal is shown in Fig. 6 . The pyroelectric measurements revealed that the change of the temperature dependence of Ps in MAPCB containing I atoms with respect to the pure analog may be due to the appearance of the high internal bias. The samples appeared to be also in a single domain state, because the observed spontaneous polarization in mixed crystals is comparable to that found in MAPCB. The above-mentioned features are beneficial for technical application.
4. Conclusions 1. γ-irradiation of MAPCB and MAPBB crystals insignificantly shifts Τc towards higher temperature. This is quite unique for ferroelectric crystals for which T^ usually gets lower.
2. An internal bias Eb that appears due to γ-irradiation depends linearly on the dose of γ-irradiation.
3. Substitution of iodine for chlorine in MAPCB crystal significantly increases • the Τ temperature, reduces the magnitude of the dielectric permittivity but does not change the character of the temperature dependence of the spontaneous polarization.
4. The grown crystal with high iodine admixture (here 1% mole) is in a single domain state with the high internal bias field.
